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Edited by Gunnar von Heijne and Anders LiljasAbstract It is now widely recognized that the packaging of
genomic DNA, together with core histones, linker histones, and
other functional proteins into chromatin profoundly inﬂuences
nuclear processes such as transcription, replication, DNA repair,
and recombination. Whereas earlier structural studies portrayed
nucleosomes (the basic repeating unit of chromatin) as mono-
lithic and static macromolecular assemblies, we now know that
they are highly dynamic and capable of extensive crosstalk with
the cellular machinery. Histone variants have evolved to locally
alter chromatin structure, whereas histone chaperones and other
cellular factors promote histone exchange and chromatin ﬂuid-
ity. Both of these phenomena likely facilitate interconversion be-
tween diﬀerent chromatin states that show varying degrees of
transcriptional activity.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
Keywords: Histone; Chromatin; Nucleosome; Histone variant;
Sliding; Crystal structure1. Introduction
The genetic information of a single eukaryotic cell is stored
in DNA molecules over two meters in length. In the nucleus, it
is compacted to nearly one hundred thousandth of this dimen-
sion by a hierarchical scheme of folding with an equal mass of
proteins, forming a nucleoprotein complex called chromatin [1]
(Fig. 1). At the ﬁrst level of organization, nearly two tight
superhelical turns of DNA (147 base pairs) are wrapped
around a disk-shaped protein assembly of eight histone mole-
cules to form the nucleosome core particle (NCP) [2,3]. Long
arrays of nucleosomes, connected by linker DNA of variable
length, are further compacted in multiple higher organiza-
tional levels of unknown architecture [4]. Also critically in-
volved in this process are the ﬂexible histone tails, linker
histone H1, a variety of non-histone proteins, polyamines
and divalent metal ions (Fig. 1).
The accessibility of DNA that is sequestered in chromatin
diﬀers dramatically from that of linear protein-free DNA. This
has fundamental implications for our understanding of all bio-
logical processes that use DNA as a substrate, such as tran-
scription, replication, DNA repair, and recombination. The*Corresponding author. Fax: +970 491 0494.
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doi:10.1016/j.febslet.2004.11.030inter-conversion of the ﬂuid chromatin structures that prevail
in the interphase nucleus [5] from transcriptionally blocked
to transcriptionally active states are likely to be tightly regu-
lated by reversible modiﬁcation of histones, of other associated
proteins, and of DNA (reviewed in [6–8]). Additional mecha-
nisms to control chromatin structure and thus DNA accessibil-
ity at several levels involve the targeted action of ATP-
dependent chromatin remodeling factors (reviewed in [9]),
and the introduction of histone variants. Histone variants
are specialized core histones that replace major-type histones
mostly via replication-independent assembly pathways. They
exhibit speciﬁc spatial and temporal patterns, and their unique
structural properties contribute to the formation of altered
chromatin structures (reviewed in [10,11]). Here we provide a
brief overview of advances in our understanding of nucleo-
some structures. We will further discuss recent ﬁndings that
emphasize the dynamic aspect of these large macromolecular
assemblies.2. Lessons from 27 nucleosome structures
The recent years have brought much progress in our under-
standing of the structure of the nucleosome core particle (re-
viewed in [3]). The amount of structural information
available from the 1.9 A˚ structure of the NCP, reconstituted
from recombinant Xenopus laevis histones and a symmetric
147 bp DNA fragment derived from human a-satellite DNA
is unprecedented [12,13]. A comparison with the crystal struc-
tures of NCPs from chicken [14], yeast [15], Drosophila (Cha-
kravarthy et al., unpublished results) and mouse
(Chakravarthy et al., unpublished results) shows how most
minor sequence changes are accommodated within this com-
plex without signiﬁcant structural changes. Importantly, se-
quence variations are not restricted to the surface of the
NCP, but are also found buried at protein–protein interfaces
(see, for example, [15]).
To investigate the contribution of several invariant key res-
idues at a histone–DNA interface near the dyad we deter-
mined eleven NCP structures, each harboring an individual
point mutation in either histone H3 or H4 (Fig. 2A). An
examination of their structural and dynamic properties shows
that single amino acid changes result in the loss of a very lim-
ited number of contacts with the DNA, leading to an in-
creased propensity of these mutant nucleosomes to slide
along the DNA, whereas the overall path of the DNA and
protein is mostly unchanged [16] [17]. Thus, the disruptionblished by Elsevier B.V. All rights reserved.
Fig. 2. Nucleosomes containing histone H2A variants diﬀer mainly in
the L1 loop. (A) One half of the nucleosome structure is shown, viewed
down the superhelical axis. H3, H4, and H2B are shown in blue, green,
and red, respectively; the DNA is shown in green. Major type H2A is
shown in yellow, and the structure of macroH2A and H2A.Z are
superimposed and shown in gray and wheat, respectively. Regions that
are discussed in the text are indicated.
Fig. 1. Eukaryotic DNA is organized in a modular fashion. The
multiple levels of DNA compaction are depicted in a schematic
manner. Long arrays of nucleosomes (atomic structures are shown at
lower levels of compaction, replaced later with schematic representa-
tions) are compacted via short-range and long-range interactions into
ﬁbers of unknown architecture.
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tions within the nucleosome has a pronounced eﬀect on
nucleosome mobility and stability, exemplifying an amazing
degree of ﬁne-tuning of the protein–DNA interfaces within
the nucleosome. Most of the mutations studied in [16,17]
have been shown to alleviate the eﬀects of the inactivation
of an ATP dependent chromatin remodeling factor in vivo
[18]), suggesting that ATP is utilized to lower the energy bar-
rier for nucleosome sliding.
The structures of NCPs in which major H2A has been re-
placed by the specialized histone variant H2A.Z [19] or with
the histone-like domain of the variant macroH2A (Chakravar-
thy et al., unpublished results) reveals that even substantial se-quence variations are accommodated in the nucleosome
without major structural distortions. Sequence identity be-
tween these histone variants and major-type H2A is only
around 60%. Given the extreme degree of conservation of his-
tone amino acid sequences throughout evolution [20], this can
be considered highly divergent. Together, our structural data
suggest that the overall structure of the nucleosome is actually
quite forgiving towards sequence changes. In hindsight our re-
sults are not altogether surprising, since the binding and super-
coiling of DNA remains the fundamental function of the
nucleosome above and beyond all other roles. One possible
exception are nucleosomes containing the H2A variant
H2A.Bbd, where a less eﬃcient binding of the ends of the
DNA (as demonstrated by ﬂuorescence resonance energy
transfer and micrococcal nuclease digestion) results in reduced
stability [21,22]. However, the degree of structural deviation of
such nucleosomes from canonical nucleosomes will only be-
come obvious once the molecular structure is available.
One particular region in histone H2A, the L1-loop, seems to
have been the consistent target for variability in the evolution
of histone H2A not only from lower to higher eukaryotes but
also of the numerous non-allelic variants. In particular, a four-
amino acid stretch in this loop forms the L1L1 interface, which
in addition to being the sole region of interaction between the
two H2A–H2B dimers also appears to be holding together the
two gyres of superhelical DNA in the nucleosome (Fig. 2B). It
is therefore not far-fetched to imagine that subtle sequence
variations in this region may render the nucleosome suscepti-
ble or resistant to key cellular processes such as transcription,
while maintaining its overall structural integrity. The relative
aﬃnity between the L1-loops of diﬀerent H2A variants and
that of major-type H2A may be the governing factor in the
regulation of the histone content/stoichiometry of nucleo-
somes. Other potentially signiﬁcant sequence diﬀerences in
H2A variants are seen on the charged surface of the variant
nucleosomes and the unstructured histone tails [11]. Both these
regions have been implicated in facilitating higher order struc-
ture formation [23]. Sequence diﬀerences may give rise to an
alternative pattern of covalent modiﬁcations that may trans-
late either directly to an altered level of chromatin compaction
or to a recruitment platform for an alternative set of chroma-
tin-associated non-histone proteins.3. Distinct structural changes in the nucleosome upon ligand
binding
Structural and functional studies of NCPs in complex with
small, minor-groove DNA binding ligands (the pyrrole–imid-
azole polyamides; [24]) have demonstrated an additional as-
pect of nucleosome structure that may well relate to its in
vivo function. It appears that nucleosomal DNA is quite acces-
sible for recognition [25], despite the tight interaction between
DNA and histones, and the dramatic deviation of the structure
of nucleosomal DNA from canonical B-form DNA [13].
Nucleosomal DNA is also surprisingly malleable in that it is
able to accommodate signiﬁcant structural distortions im-
parted by DNA binding ligands without losing contact with
the histone octamer [26,27]. Using X-ray crystallography and
footprinting techniques, we showed that nucleosomal DNA
exists in a dynamic equilibrium of multiple twist diﬀusion
intermediates in solution [28], further emphasizing the dy-
Fig. 3. Schematic showing the diﬀerent putative roles of the histone
chaperone yNAP-1 in chromatin assembly and maintenance. (H3–
H4)2 tetramers are shown as white cylinders, H2A–H2B dimers as gray
ovals. H2A–variant–H2B dimers are indicated as shaded ovals
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ceived as a monolithic and static macromolecular assembly.
The pyrrole–imidazole polyamides used in the above study,
although comparable to transcription factors in their binding
speciﬁcity and aﬃnity, ﬁt snugly into the minor groove of
DNA [26] and lack the bulk of DNA binding proteins.
The structural consequences of transcription factor binding
on the structure of a mono-nucleosome have been investi-
gated using ﬂuorescence resonance energy transfer (FRET)
and other techniques [29,30]. It was found that a target site
that is buried due to the interaction with histones is made
accessible by a dynamic partial unwrapping of the DNA.
This holds true for two diﬀerent transcription factors, namely
Amt1 from the pathogenic yeast Candida glabrata [31], and
the much-studied transcription factor LexA. The binding sites
for these proteins that have very diﬀerent DNA recognition
modules are located near the dyad and near the end of the
nucleosomal DNA, respectively [30,29]. Amt1 binding at
the nucleosomal dyad is accompanied by the partial dissocia-
tion of the DNA ends from the histone octamer surface that
appears to be necessary to free up the binding site and to
generate room for the transcription factor. However, no dis-
sociation or even subtle rearrangements of histone subunits is
observed in this particular system [30]. Similarly, LexA bind-
ing towards the end of the DNA is made possible by a
breathing of the DNA ends [29], in accordance with the site
exposure model proposed by the same laboratory [32], and
references therein). This model postulates that the ends of
the DNA are in rapid equilibrium between histone-bound
and unbound state, and that the unbound state may be cap-
tured and stabilized by the binding of a site-speciﬁc transcrip-
tion factor. This view is supported by crystallographic data
showing that contacts with the histone octamer are weaker
and fewer for the penultimate 20 base pairs [33].4. Histone chaperones join the dance
A further manifestation of the dynamic nature of nucleo-
somes in vitro, in addition to the breathing of the DNA ends
discussed above, is the ability of the histone octamer to trans-
locate or slide along the DNA over signiﬁcant distances ([9],
and references therein). Additionally, the transient removal
of one or both H2A–H2B dimers from a nucleosome appears
to be involved in many vital cellular processes [34] [35–37].
H2A/H2B destabilization also occurs as a consequence of
nucleosome sliding catalyzed by several chromatin remodeling
complexes [38], and has been shown to facilitate transcription
factor binding [39] [40]. It was recently found by several labs
that a speciﬁc ATP-dependent chromatin remodeling factor,
Swr1, is responsible for the replication-independent incorpora-
tion of the histone variant H2A.Z into yeast chromatin (re-
viewed in [41]). The histone H2A–H2B dimer complexes are
delivered by the acidic histone chaperone NAP-1. Members
of this protein family are found in most eukaryotes where they
perform pleiotropic and ill-deﬁned roles in chromatin assembly
[42] and cell-cycle regulation [43]. NAP-1 has the ability to
bind both the (H3–H4)2 tetramer and the H2A–H2B dimer
[44].
We have recently shown that NAP-1 from yeast reversibly
removes and replaces H2A–H2B or histone variant dimers
from assembled nucleosomes in vitro, resulting in active his-tone exchange [45]. This indicates a more active role for
NAP-1 in shaping chromatin structure than previously as-
sumed (Fig. 3). The ability of yNAP-1 to bind H2A–H2B di-
mers and (H3–H4)2 tetramers [44] also suggests a scavenger
function of yNAP-1, supported by preliminary data from
our laboratory. In this view, NAP-1 would also be acting much
like a clean-up crew, plucking apart ill-assembled nucleosomes
and removing randomly deposited histone sub-complexes from
the DNA.
Perhaps the most intriguing recently discovered activity for
NAP-1 from yeast is that the transient removal of one or both
H2A–H2B dimers facilitates nucleosome sliding along the
DNA to a thermodynamically favorable position. We showed
that NAP-1-dependent histone exchange and nucleosome slid-
ing is independent of ATP and relies on the presence of the C-
terminal acidic domain of yeast NAP-1, even though this
region (which is the largest of the three acidic regions in this
protein) is not required for histone binding and chromatin
assembly [45]. This strongly suggests that removal of the
H2A–H2B dimer is essential for NAP-1 mediated nucleosome
sliding. It remains to be seen whether the temperature-induced
sliding observed on many DNA sequences in vitro (see, for
example, [17]), and the ATP-dependent nucleosome sliding
brought about by the large chromatin remodeling machines
also require the transient removal of the H2A–H2B dimer.5. Conclusions and outlook
Structural studies with nucleosomes containing core histones
from diﬀerent species or non-allelic variants of histone H2A
have revealed that the overall nucleosome structure is surpris-
ingly resistant to structural alterations. Sequence diﬀerences in
strategic regions of the histone fold engender subtle structural
898 S. Chakravarthy et al. / FEBS Letters 579 (2005) 895–898changes at histone–histone interfaces, which in turn may have
signiﬁcant functional implications. The high degree of evolu-
tionary conservation of the major type core histones may
therefore have a purpose above and beyond preservation of
nucleosome structure.
Chromatin was once viewed as an immovable object that
only an advancing replication fork (and possibly an advancing
RNA polymerase) can displace [46]. This picture is now being
replaced with that of a highly dynamic and malleable assembly
that shapes all cellular processes that utilize the DNA sub-
strate, and that is capable of extensive cross-talk with the cel-
lular machinery. Much remains to be learnt on how this is
achieved mechanistically, and doubtlessly many activities that
are involved in this important aspect of chromatin metabolism
remain yet to be discovered. In at least two instances, breath-
ing of DNA ends facilitates the binding of transcription fac-
tors to nucleosomal DNA, but further studies are necessary
to see whether this is a general phenomenon. Similarly, the role
of one particular histone chaperone, NAP-1 (and presumably
that of other acidic histone chaperones) is clearly evolving,
from being a mere histone escort that manages histone trans-
port into the nucleus before handing its precious cargo over
to chromatin assembly and remodeling factors, to a much
more glamorous role in maintaining chromatin structure and
modulating nucleosome ﬂuidity and dynamics. It remains to
be seen whether these properties are also of importance in vivo.
A complete understanding of the processes that regulate chro-
matin structure and dynamics are only possible through a syn-
thesis of structural, mechanistic, and in vivo approaches.References
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